INTRODUCTION
============

Muscle mass is regulated by the balance between protein synthesis and protein degradation \[[@b1-jenb-19-3-183],[@b2-jenb-19-3-183]\]. Muscle atrophy is characterized by a decrease in protein synthesis, an increase in protein degradation, or simultaneous changes in both processes and occurs in a variety of catabolic conditions such as prolonged disuse, denervation, aging, and cancer \[[@b3-jenb-19-3-183],[@b4-jenb-19-3-183]\]. Among several methods such as hindlimb suspension, limb casting or surgical tenotomy, the hindlimb suspension model is the most effective and well-designed animal model for investigating muscle atrophy due to weightlessness \[[@b5-jenb-19-3-183],[@b6-jenb-19-3-183]\]. During hindlimb suspension, there is muscle atrophy accompanied by decreased muscle weight and fiber size in addition to a general shift from slow twitch to fast twitch muscles \[[@b7-jenb-19-3-183]\]. This muscle atrophy can lead to decreased muscle strength and fatigue resistance, and can affect health and physical activity levels \[[@b8-jenb-19-3-183],[@b9-jenb-19-3-183]\]. Therefore, it is important to find effective nutritional intervention to decrease muscle atrophy during weightlessness in clinical rehabilitation during the growth phase.

The decrease of myofibrillar protein is controlled by the transcription level of key proteins that regulate the autophagy/lysosomal protein breakdown pathway and the ubiquitin proteasome system (UPS) \[[@b10-jenb-19-3-183]--[@b12-jenb-19-3-183]\]. Of these, UPS is commonly known as the primary pathway associated with disuse muscle atrophy. The process of protein degradation via the UPS involves two separate and consecutive steps: 1) tagging of the target protein by covalent attachment of ubiquitin molecules and 2) degradation of the tagged target protein by the 26S proteasome complex \[[@b13-jenb-19-3-183]\].

Muscle specific E3 ligase atrogin-1 (muscle atrophy F-box, also called MAFbx) and MuRF1 (muscle ring finger 1) are significantly up-regulated in various muscle atrophy situations such as fasting, diabetes, cancer, hindlimb unloading, immobilization and denervation. The functional importance of these genes was demonstrated using MAFbx and MuRF1 null mice. Both atrogin-1 and MuRF1 null mice show normal growth curves and their skeletal muscles and hearts had normal weights and morphology following denervation. Therefore, these data indicate that atrogin-1 and MuRF1 expression by the Ubiquitin Proteasome System in skeletal muscle atrophy can be considered a reliable marker \[[@b14-jenb-19-3-183]--[@b18-jenb-19-3-183]\]. Among several experimental models inducing disuse muscle atrophy, the hindlimb suspension model is a well-designed animal model \[[@b5-jenb-19-3-183],[@b6-jenb-19-3-183],[@b19-jenb-19-3-183]\]. Atrogin-1 and MuRF1 are up-regulated up to 3 fold in hindlimb suspension, immobilization and denervation \[[@b4-jenb-19-3-183],[@b17-jenb-19-3-183]\].

BCAAs inhibit atrogin-1 and MuRF1 expression in the C2C12 mouse muscle cell line as well as the Qt6 quail muscle cell line \[[@b4-jenb-19-3-183],[@b20-jenb-19-3-183]\]. In addition, it is well known that BCAAs stimulate protein synthesis. The main signaling pathway regulating protein synthesis is the IGF-1/Akt/mTOR pathway and the ability of BCAA to increase protein synthesis seems to rely on mTOR activation \[[@b21-jenb-19-3-183]\]. Furthermore, mTOR has an inhibitory effect due to BCAA on atrogin-1mRNA expression in C2C12 myocytes \[[@b4-jenb-19-3-183]\]. Sandri *et al*. \[[@b22-jenb-19-3-183]\] reported that IGF-1 treatment or Akt overexpression inhibit FoxO and atrogin-1 expression in cultured myotubes undergoing atrophy. These results suggest that BCAAs may have a protective effect against muscle atrophy by inhibiting protein degradation and stimulating the protein synthesis pathway. However, the effect of BCAA administration on the alteration of both protein synthesis and degradation pathways in prolonged weightless muscle atrophy is not well known.

Therefore, we hypothesized that BCAAs may have a protective effect on muscle atrophy induced by prolonged weightless through the protein synthesis and degradation pathway. To examine this hypothesis, we used growing rats and selected a hindlimb suspension model as the disuse muscle atrophy model.

METHODS
=======

Animals
-------

Male Wistar rats were purchased from Orient Bio (Seongnam, Korea) at 6 weeks of age (n = 14; mean weight = 273 g). Animals were housed in a controlled environment with a 12 h light/dark cycle and were fed rat chow and water *ad libitum* during the entire experimental period. All experimental procedures were carried out with approval from the Institutional Animal Care and Use Committee of Konkuk University. The protocol was approved by the Committee on the Ethics of Animal Experiments at Konkuk University (Permit number: KU11055-3).

Experimental design
-------------------

After 1 week of acclimatization, rats were randomly assigned to a hindlimb suspension group (n = 7) or a hindlimb suspension with BCAA administration group (n = 7). The BCAA group received a diet supplemented with 600mg BCAA/kg (valine: leucine: isoleucine = 1:2:1, Ajinomoto, Tokyo, Japan) dissolved in water. The body weight was measured every morning at 09:00. The experiment was conducted for 14 days.

Hindlimb suspension
-------------------

The hindlimb suspension procedure was performed according to the method described by Morey-Holton and Globus \[[@b5-jenb-19-3-183]\]. Briefly, the tail of each rat was cleaned, dried, then sprayed with a generous amount of adhesive spray (Mueller Sports Medicine Inc., Germany) and dried for 5 min. The rats were allowed 360° rotation and to walk freely on their forelimbs for access to food and water. The rats were suspended by the tail at an angle of \~30° from the head down to avoid contact between the hindlimbs and the ground.

Sample collection
-----------------

After 14 days of hindlimb suspension, the rats were killed under Avertin-induced anesthesia. For analysis, soleus and extensor digitorum longus (EDL) muscle samples were excised. All muscle samples were weighed and then stored at −80°C until used for analysis.

Total RNA extraction and reverse transcription
----------------------------------------------

Total RNA was extracted from the soleus muscles using Trizol reagent (life technologies, Inc.) according to the manufacturer's instructions. Samples were treated with DNase, chloroform extracted and re-suspended in 20μl RNase-free water. Reverse transcription was carried out using cDNA Synthesis Master Mix (GenDEPOT, CA, USA). Subsequently, the cDNA was stored in aliquots at −20°C. RT-PCR was performed using amfico Taq DNA polymerase (GenDEPOT, CA, USA). The primer sequences were as follows: atrogin-1 (FORWRAD 5′ GAC TGG ACT TCT CGA CTG CC 3′, REVERSE 5′ GAC TTG CCG ACT CTC TGG AC 3′); MuRF1 (FORWARD 5′ ACA TCT TCC AGG CTG CCA AT 3′, REVERSE 5′ GTT CTC CAC CAG CAG GTT CC 3′); Akt1 (FORWARD 5′ TGC TGG AGG ACA ACG ACT AT 3′, REVERSE 5′ TGT CAT CTT GAT CAG GCG GT 3′); mTOR (FORWARD 5′ TTG AGG TTG CTA TGA CCA GAG AGA A 3′, REVERSE 5′ TTA CCA GAA AGG ACA CCA GCC AAT G 3′); and GAPDH (FORWARD 5′ TGC TGG TGC TGA GTA TGT CG 3′, REVERSE 5′ TGA TGG CAT GGA CTG TGG TC 3′).

Data analysis
-------------

All data are presented as the mean ± SE. All statistical analyses were performed with SPSS version 19.0 software (SPSS, Inc., Chicago, IL, USA). The statistical significance of differences in the mean values of the two groups of rats was evaluated using the independent t-test. A *p*-value of \< 0.05 denoted statistical significance.

RESULTS
=======

Food consumption and body weight
--------------------------------

Hindlimb suspension for 14 days, BCAA administration did not affect food intake, final body weight in both groups of rats ([Fig. 1](#f1-jenb-19-3-183){ref-type="fig"}).

Soleus and EDL muscle weight
----------------------------

The BCAA administration group exhibited significantly attenuated soleus muscle to body weight ratio compared to the hindlimb suspension group ([Fig. 2A](#f2-jenb-19-3-183){ref-type="fig"}). However, the EDL muscle weight to body weight ratio did not differ between the groups ([Fig. 2B](#f2-jenb-19-3-183){ref-type="fig"}).

Atrogin-1 and MuRF1 mRNA levels in Soleus muscles
-------------------------------------------------

To determine the mechanism underlying the inhibitory effect of BCAA on hindlimb suspension induced muscle atrophy, we measured atrogin-1 and MuRF1 mRNA levels in the soleus muscle. Atrogin-1 and MuRF1 mRNA expression was significantly attenuated by BCAA ([Fig. 3](#f3-jenb-19-3-183){ref-type="fig"}).

Akt1 and mTOR mRNA levels in Soleus muscles
-------------------------------------------

To determine whether Akt1 and mTOR are affected by BCAA, we measured the levels of Akt1 and mTOR mRNA in the soleus muscle. After hindlimb suspension for 14 days, there was no significant deference in the hindlimb suspension groups with or without BCAA ([Fig. 4](#f4-jenb-19-3-183){ref-type="fig"}).

DISCUSSION
==========

In the present study, body weight in both groups was slightly increased after 14 days of hindlimb suspension, and food intake stabilized after the first 3 days. Our findings align with previous research showing that food consumption may decrease then increase for a few days and that body weight would stabilize or increase slightly throughout the 14 days of hindlimb suspension in growing rats \[[@b5-jenb-19-3-183]\].

The present study describes the effect of BCAA administration on hindlimb suspension-induced muscle atrophy. Recent study has shown that BCAA administration prevents dexamethasone-induced soleus muscle atrophy in rats \[[@b23-jenb-19-3-183]\]. In the present study, BCAA administration suppresses loss of weight in the soleus muscle, but not the EDL. It has been well established that the soleus muscle exhibits pronounced atrophy induced by hindlimb unloading compared to the EDL muscle; this is because hindlimb unloading predominantly decreases activity in slow-twitch and anti-gravitational muscles like the soleus \[[@b6-jenb-19-3-183],[@b20-jenb-19-3-183],[@b23-jenb-19-3-183]--[@b26-jenb-19-3-183]\]. Although these results are consistent with our findings, the administration of BCAA still reduced weight decrease in the soleus muscle during hindlimb suspension compared to the hindlimb suspension group without BCAA. BCAA administration appears to have the potential to prevent disuse atrophy in rats.

Protein degradation is controlled by several mechanisms. One of the most predominant mechanisms, ATP-dependent ubiquitin proteasome system (UPS), is mostly known as a primary pathway associated with disuse muscle atrophy \[[@b10-jenb-19-3-183]--[@b12-jenb-19-3-183]\]. The process of muscle protein degradation via the UPS is controlled by two muscle-specific ubiquitin ligases. Muscle atrophy F-box (MAFbx/atrogin-1) and muscle ring finger protein1 (MuRF1), both muscle-specific ubiquitin ligases, are involved in protein degradation in muscle and in increasing muscle atrophy \[[@b11-jenb-19-3-183],[@b14-jenb-19-3-183],[@b17-jenb-19-3-183]\]. In this study, we found that administration of BCAA significantly suppresses the expression of atrogin-1 and MuRF1 mRNA in soleus muscle compared to the hindlimb suspension group. This result agrees with the recent study by Yamamoto *et al*. \[[@b27-jenb-19-3-183]\] showing that BCAA significantly reduced the atrogin-1 mRNA level but not the MuRF1 mRNA level in dexamethasone induced muscle atrophy in rats. Herningtyas *et al*. \[[@b4-jenb-19-3-183]\] reported that BCAAs and arginine decreased atrogin-1 and MuRF1 mRNA levels induced by starvation in C2C12 myocytes. Also, Maki *et al*. \[[@b2-jenb-19-3-183]\] reported that oral BCAA administration suppressed atrogin-1 and MuRF1 protein expression during hindlimb suspension. Although the underlying mechanism through which BCAA decreases atrogin-1 and MuRF1 mRNA expressions is not fully clarified, BCAA prevents hindlimb suspension-induced soleus muscle atrophy, at least partly through the inhibition of mRNA expression of E3 ligases such as atrogin-1 and MuRF1.

Furthermore, it is well known that BCAA plays a pivotal role in protein synthesis through the direct activation of mTOR without the activation of upstream signaling molecules like IGF-1 and Akt1 \[[@b28-jenb-19-3-183]\]. However, recent study shows that leucine activates Akt as well as mTOR \[[@b29-jenb-19-3-183]\]. Akt, also known as protein kinase B (PKB), has emerged as a critical mediator of mTOR activity. The Akt/mTOR signaling pathway activates the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase (S6K), a key molecule in protein synthesis, and eventually increases protein synthesis \[[@b30-jenb-19-3-183]--[@b36-jenb-19-3-183]\].

Activated Akt inhibits FoxOs, which is a transcription factor for muscle specific E3 ligases such as atrogin-1 and MuRF1, and hence increases protein synthesis through the suppression of protein degradation. Inversely, a crucial regulatory factor for protein synthesis, mTOR, is inhibited by the activation of FoxOs activation, leading to protein degradation \[[@b37-jenb-19-3-183]--[@b38-jenb-19-3-183]\]. These results suggest that cross-talk between protein synthesis and degradation is not limited to Akt, but also involves FoxOs.

Thus, we examined the Akt and mTOR mRNA to assess the cross-talk between protein synthesis and degradation following oral BCAA administration during hindlimb suspension. In this study, we found that BCAA did not increase the Akt1 and mTOR mRNA levels compared to the hindlimb suspension group. This result agrees with some human studies showing that infusion of BCAA suppressed muscle protein breakdown without increasing protein synthesis, although species differences may be present \[[@b39-jenb-19-3-183]--[@b40-jenb-19-3-183]\]. In contrast with our results, leucine increased the phosphorylation of Akt and mTOR against denervation induced muscle atrophy in middle aged rats \[[@b29-jenb-19-3-183]\]. These results suggest that although BCAA administration did not increase the levels of Akt1 and mTOR mRNA, it has the potential to affect the activation of Akt1 and mTOR at the protein level. However, Maki *et al*. \[[@b2-jenb-19-3-183]\] reported that BCAA did not affect the phosphorylation of Akt1. Although we did not confirm cross-talk between protein synthesis and degradation during atrophy, our results clearly revealed that oral BCAA administration during hindlimb suspension could attenuate muscle atrophy through the suppression of the ubiquitin proteasome pathway without the expression of Akt1 and mTOR mRNA.

In conclusion, our data shows that BCAA administration attenuates hindlimb suspension-induced soleus muscle atrophy in rats. We also suggest that oral BCAA administration may prevent hindlimb suspension-induced soleus muscle atrophy via the inhibition of the ubiquitin-proteasome system, but not by activating the protein synthesis pathway. We confirmed that BCAA could serve as a very effective supplement in the prevention or treatment of muscle atrophy.

![Effects of BCAA on food intake and body weight. A, Food intake was measured every day during hindlimb suspension. B, Body weight was measured every day during hindlimb suspension. These results are expressed as the mean ± SE. HS, hindlimb suspension; HS + BCAA, hindlimb suspension + BCAA.](jenb-19-3-183f1){#f1-jenb-19-3-183}

![Effects of BCAA on soleus and EDL muscle weight. A, Soleus muscle weight to body weight after hindlimb suspension. B, EDL muscle weight to body weight after hindlimb suspension. These results are expressed as the mean ± SE. \*indicates a significant difference to the HS group (*p* \< 0.05). HS, hindlimb suspension; HS + BCAA, hindlimb suspension + BCAA.](jenb-19-3-183f2){#f2-jenb-19-3-183}

![Effects of BCAA on atrogin-1 and MuRF1 mRNA expression in soleus muscles. A, Atrogin-1 mRNA expression in soleus muscle after hindlimb suspension. B, MuRF1 mRNA expression in soleus muscle after hindlimb suspension. These results are expressed as the mean ± SE. \*indicates a significant difference to the HS group (*p* \< 0.05); \*\*\* indicates a significant difference to the HS group (*p* \< 0.001). HS, hindlimb suspension; HS + BCAA, hindlimb suspension + BCAA.](jenb-19-3-183f3){#f3-jenb-19-3-183}

![Effects of BCAA on Akt1 and mTOR mRNA expression in soleus muscles. A, Akt1 mRNA expression in soleus muscle after hindlimb suspension. B, mTOR mRNA expression in soleus muscle after hindlimb suspension. These results are expressed as the mean ± SE.. HS, hindlimb suspension; HS + BCAA, hindlimb suspension + BCAA.](jenb-19-3-183f4){#f4-jenb-19-3-183}
